Prion proteins (PrPs) are infectious pathogens that cause a group of invariably fatal, neurodegenerative diseases, including Creutzfeldt-Jakob disease, by means of an entirely novel mechanism. They are produced by various species, including reptile, rodent, ruminant and mammals, during normal metabolic processes, but they can be slowly changed into pathogenic isoforms upon contact with other infectious PrP isoforms. This transmission can occur across species barriers. In the present study, phylogram for each PrP sequence was generated by PAUP* 4.0 program using Neighbor-Joining method with 1,000 times bootstrapping process for the phylogenetic analysis. The molecular dynamics (MD) simulations were performed by the SANDER module in the AMBER 7 package using Amber 99 force field. All the simulation process was conducted in the IBM p690 Supercomputing System in Korea Institute of Science and Technology Information. To reduce the calculation time, we used 'the Generalized Born (GB) model'. We compared the sequences and structural characteristics of normal and pathogenic (E200K) human PrPs with those of other reptile, rodent, ruminant and mammalian PrPs. Phylogenetic analysis revealed that, although the turtle PrP sequence is the most distinct of the PrPs analyzed, it nonetheless retains five conserved secondary structural elements that are similar to those found in the mammalian PrPs, suggesting that these elements have important functions in vivo. The RMS deviation between the normal and E200K human PrPs was larger than that between the normal human and bovine PrPs, and all of the β-sheet structures in human E200K PrP were very stable during MD simulations.
Introduction
Prion proteins (PrPs) are infectious pathogens that cause a group of invariably fatal, neurodegenerative diseases by means of an entirely novel mechanism. In mammals, the disease-causing isoform (PrP Sc ) reproduces by recruiting and stimulating structural changes in the normal, cellular isoform (PrP C ). PrP C is rich in α-helical content and has little β-sheet structure, whereas PrP Sc has a smaller amount of α -helical content and a large amount of β-sheet structure (Prusiner, 2004) . Many scientists have tried to determine the exact function of cellular PrP in biological systems, but it remains unknown. Qin et al. (2002) suggested that it participates in cellular uptake or efflux of extracellular ligands, and might interact with copper ions. PrP binds copper with low-micromolar affinity and in a pH-sensitive manner via N-terminal histidine-containing octapeptide repeats (Jackson et al., 2001; Kramer et al., 2001; Burns et al., 2002) . Binding of Cu ++ to the C-terminal portion of PrP in vivo seems unlikely, but it has been suggested by experiments using amino-terminal truncations of the protein (Burns et al., 2003) .
The first study of prion diseases was conducted by Klatzo, Gajdusek, and Zigas in 1959 , who discovered that the neurological symptoms of Creutzfeldt-Jakob disease (CJD) were very similar to those of Kuru, a disease found among the Fore native people in Papua New Guinea. Kuru was believed to be transmitted by ritualistic cannibalism (Gajdusek, 1977; Alpers, 1979) . A few years later, Hadlow reported that Kuru resembles scrapie, a disease of sheep, and its long latent period led him to suggest that the responsible pathogen was a "slow virus" (Hadlow et al., 1982) . In 1997, Prusi- ner reported that the pathogenic PrP that induces mad cow disease does not reproduce through transmittal of genetic information; instead, he proposed that PrP Sc reproduces by initiating changes in the structure of PrP C , converting it to PrP Sc . In the absence of competing evidence, his hypothesis has been generally accepted.
Fewer than 1% of human prion diseases appear to have an infectious etiology, whereas ~85% occur spontaneously, and the remaining cases occur through dominant inheritance of germ-line mutations of the PrP gene (Prusiner, 2004) . Among the inherited prion diseases with a CJD phenotype, the epidemiology of CJD E200K is of particular interest. According to Kahana (1974) and his colleagues, the largest cluster of CJD E200K occurs among Jews of Libyan and Tunisian origin. This population experiences a 100-fold increased incidence of CJD, as compared to other populations. Several years later, the cause of this disease was determined to be genetic, resulting from an E200K mutation in PrP, and the disease was designated as familial CJD (Cathala et al., 1985; Nisipeanu et al., 1990; Zilber et al., 1991) . The clinical symptoms of CJD E200K resemble the typical form of spontaneous CJD; patients present cognitive impairment and psychiatric changes (80-83% of patients), cerebellar signs (43-55%), visual signs (19%), and myoclonic jerks (12%) (Brown et al., 1991; Parchi et al., 1999) . The mean age at onset in patients heterozygous for the E200K mutation is 58 years, and the mean duration is 6 months (Simon et al., 2000) .
In performing routine histopathological examinations of cow brains from dairy farms in southern England, the UK Veterinary Laboratories Agency (formerly the Central Veterinary Laboratory) of Weybridge found critical evidence suggesting a new neurological disease of cattle, subsequently termed bovine spongiform encephalopathy (BSE). The neurohistological changes of BSE bear a high degree of resemblance to those of scrapie, the historical archetype of the transmissible spongiform encephalopathies (Wells et al., 1987) . BSE has been transmitted experimentally by parenteral routes from cattle to other cattle (Dawson et al., 1990) , to mice (Fraser et al., 1992) , to pigs (Wells et al., 2003) , and to cynomolgus macaques (Lasmézas et al., 1996) . A considerable body of evidence also indicates that BSE has been transmitted, by natural or accidental means, via foodstuffs, to several other animal species and to humans (Kirkwood and Cunningham, 1994; Hill et al., 1997) .
Because prion transmission occurs across species barriers, we conducted a comparative phylogenetic analysis of PrP sequences from four different species (reptile, rodent, ruminant, and human). We also performed a comparative structural analysis of these PrPs based on molecular dynamics (MD) simulations.
Materials and Methods

Protein sequences and phylogenetic analysis
Phylogenetic trees for PrPs from 8 species including turtle (1U5L), mouse (1AG2), bovine (1DWY), human (1HJM), human E200K (1FKC), hamster (1B10), sheep (1XYU) and elk (1XYW) were created by the program PAUP* 4.0 (Swofford, 1999) using the Neighbor-Joining (NJ) method with bootstrapping of 1000 iterations. All the amino acid sequences were collected from Protein Data Bank database. Each branch length represents the phylogenetic distance. TreeView (Page, 1996) and Adobe Illustrator CS2 were used for graphical editing, and all the analyses were performed on Linux and Windows XP operating systems ( Figure  1 ). Among 8 sequences which were mentioned above, 5 species from each node including turtle, mouse, bovine, human and human E200K were collected for further analysis. Protein sequences as well as NMR coordinate information for each PrPs was collected from the Protein Data Bank (PDB, http://www.rcsb.org/pdb/). The PDB ID numbers and domain positions are shown in Table 1 . Because of the size difference of amino acid sequences in length among species, we have extracted commonly conserved sequence of 100-amino acids (designated 126-125) from each for reasonable comparison of RMSDs (Root Mean Square deviation). Multiple sequence alignment was performed using the ClustalW 1.83 program (Thompson et al., 1997) with default parameters (gap-opening and -extension penalties of 10.0 and 0.20, respectively). The Gonnet series matrix was used as the protein weight matrix. In addition, we also calculated amino acid compositions among PrPs from five species and the results are shown in Figure 2B .
Molecular dynamics simulations
Molecular dynamics (MD) simulations were performed using the program package AMBER 7 (Case et al., 2005) with the Amber 99 force field on an IBM p690 supercomputing system in Supercomputing Center, KISTI (Korea Institute of Science and Technology Information). To reduce computing time, we used the "Generalized Born" (GB) model, which efficiently describes the electrostatics of molecules in aqueous environments. It represents the solvent implicitly as a continuum with the dielectric properties of water and includes the charge-screening effects of salts. This approach generally hastens the simulation, an advantage that becomes increasingly important as the number of water molecules required in the explicit solvent simulation is increased. The basic algorithm of the GB model is:
where the dielectric constant of the solvent (ε ω ), and a certain smooth function (f ab ) is assumed to be dependent upon atomic radii (ρ i ) and interatomic distances (rij) (Bashford and Case, 2000) . The first and second terms represent the energy in a vacuum and the solvation energy, respectively. In the second term, f gb (rij) is a function that interpolates between the effective Born radius α i (when the distance rij between atoms is short) and rij itself (when the distance is large) (Still et al., 1990) :
The effective Born radius αi represents the depth by which a charge is buried in a low-dielectric medium, such as a protein or nucleic acid (Srinivasan et al., 1999; Tsui and Case, 2001 ).
In the first step, AMBER topology and coordinate files were created by leap module using ff99 AMBER force field. Then, all of the structural abnormalities of the PrPs (the "hot spots" in the NMR structures), were eliminated by an energy-minimization process using the sander module of AMBER. Then, the system temperature was increased from 0 K to 300 K using the heating and equilibration processes with SHAKE algorithm. Finally, the MD simulation was conducted for 1,000,000 cycles using a non-bonded cutoff value of 12 Å.
RMSD and potential energy calculation
The tertiary PrP structures resulting from each molecular simulation step were compared on the basis of RMS deviations calculated as:
where ri(t) means the position of ith atom at time t. The program VMD (Visual Molecular Dynamics) v. 1.8.4 (Humphrey et al., 1996) was used to calculate RMS deviations (Figure 4 ). Potential energy of each PrPs along with time series was extracted from MD output files using perl script (Figure 3) .
Results
Phylogenetic relationships
To investigate the phylogenetic relationships among rodent (group 1), reptile (group 2), ruminant (group 3) and human species (group 4), we created a phylogenetic tree using the Neighbor-Joining method (Figure 1 ). PrP sequences were clustered into four groups on the basis of their biological classes. Of these sequences, the one with the largest number of amino acid differences from the human (normal) PrP sequence was the turtle PrP sequence (branch length = 0.5751). Among the 8 sequences, we chose 1 sequence from each class except for human cases, and then, used for the further analysis. The human E200K, bovine and mouse PrP sequences differed from that of normal human PrP with branch lengths of 0.0065, 0.0826 and 0.1032, respectively. Thus, the distance between the normal human and turtle PrPs was about six times greater than that between the normal human and mouse PrPs.
Secondary structure comparisons using multiple sequence alignment
The major secondary structures (two β-sheets and three α -helices), and the amino acid compositions of the PrP sequences are shown in Figure 2 . Although the phylogenetic analysis described above showed that the turtle PrP amino acid sequence is the most distinct from other PrPs ( Figure  1 ), it retained the major conserved regions of secondary structure found in the other species. The α1-and α 2-helices of turtle PrP, however, were somewhat shorter than the corresponding elements of the other PrPs. The α 1-helix and β1-and β2-strands of human E200K PrP were slightly longer than those of normal human PrP, based on the structural information found in the PDB database ( Figure 2A ). In the graph of amino acid compositions in Figure 2B , Y-axis means the amino acid composition (%) in each PrP, and X-axis represents each amino acid. Amino acids which have hydrophobic properties were showed first, from Alanine (A) to Leucine (L), and then, the charged amino acids were followed from aspartic acid (D) to arginine (R) on the X-axis. The polar amino acids were located from serine (S) to tryptophan (W), and glycine (G) was followed. Among hydrophobic amino acids, bovine, mouse and turtle PrPs showed higher composition in valine (V), whereas they were showed reverse composition in isoleucine (I). Turtle PrP also revealed distinct amino acid compositions in the polar amino acids such as threonine (T), tyrosine (Y), asparagine (N) and glutamine (Q). Moreover, turtle PrP revealed no histidine (H), whereas it showed tryptophan (W) in its secondary structure. There was no tryptophan in human, human_200K and bovine PrPs.
Comparison of potential energies
Potential energies (kcal/mol) for PrPs isolated from each species were analyzed by extracting the energy information from MD result files in heating (from 0 K to 300 K) and equilibration (300 K) steps. All the changes of potential energy stage along with simulation time were presented by line graph in Figure 3 . Pattern of energy increment of PrPs from 5 species revealed very similar and each PrP molecule showed fully equilibrated energy states. Their final energy states, however, were differed from each other. Firstly, turtle PrP showed the lowest potential energy state than other species, resulting near 3,800 kcal/mol, whereas other species showed somewhat upper levels between 3,300 and 3,500 kcal/mol. Among the rest of them, PrP from mouse species revealed more similar patterns with normal and E200K human PrPs than bovine PrP.
Comparisons of RMS deviations
RMS deviations between the structure of normal human PrP and the structures of the E200K human, bovine, mouse, and turtle PrPs were also calculated using the VMD program with energyminimized conformers representing the solution structure (Figure 4 ). The position of each secondary structure element (three α-helices and two β-strands) is shown in Figure 4A , and the calculated RMS deviations are also shown in Figure  4 . The largest RMS deviation from the human PrP structure was that of the turtle PrP structure (RMS = 1.88 A), and the second largest was that of the mouse PrP structure (RMS = 1.38 A) ( Figure 4C and D).
Although the phylogenetic branch length between the normal and E200K human PrP sequences (0.0065) was about one-thirteenth of that between the normal human and bovine PrPs (0.0826) and potential energy state was more similar between the normal and E200K human PrPs than that of bovine PrP, the results of our structural analysis indicated a contrary result; compared with normal human PrP, the E200K human and bovine PrP RMS deviations were 1.12 and 0.88 A, respectively ( Figure 4A and B) . In the divergent α 1-helix region, the structural difference between the E200K human and bovine PrPs was small ( Figure 4A and B) , whereas the structural difference between the mouse and turtle PrPs was relatively large (Figure 4C and D) . These regions are represented by short arrows in Figure 4 . For the α3-helix of human E200K and bovine PrPs, the former was more divergent than the latter.
Comparisons of molecular dynamics (MD) simulation results
To investigate the structural differences among the MD simulation results for human E200K, bovine, and turtle PrPs, we compared the initial and final structures ( Figure 5 ). The structures of the β1-and β2-strands in the initial and final MD structures of each PrP were relatively conserved. The β-strands in the final bovine and turtle PrP structures were slightly longer than those of the corresponding initial structures, but those in the initial and final human E200K structures were of the same length ( Figure 5D and E). The turtle PrP α 1-helix exhibited considerable deterioration in the final MD structure, whereas the α1-helices of the other PrPs were partially conserved in the final MD structure ( Figure 5F ). The α 3-helix of bovine PrP near the C-terminus exhibited much larger changes than those of other PrPs ( Figure 5E ). The RMS deviations between the initial and final MD steps in the human E200K, bovine, and turtle PrP were 1.93, 3.29, and 1.96 A, respectively.
Discussion
Since the pathogenic and normal cellular PrP molecules are alternative structural isoforms of the same peptide, without genetic alteration, molecular dynamics (MD) simulation offers an important tool in prion studies. Carrying out MD simulations in explicit solvent usually requires considerable computing time, even in a cluster or supercomputing system. In the present study, we determined the differences of the primary PrP sequences from 8 different species prior to the MD simulation first, using multiple sequence alignment and phylogenetic analysis techniques. And then, MD simulations using the Generalized Born model, which conducts the MD process in an implicit environment, were performed to identify the structural differences among PrPs. This combinational approach using different kinds of bioinformatics techniques is expected to give clearer information than that from single method.
As mentioned above, we conducted a phylogenetic analysis using 8 sequences such as turtle, mouse, hamster, bovine, sheep, elk and normal and E200K human PrPs to investigate the primary sequences of PrPs more intensively (Figure 1 ). All the PrPs were divided into four groups according to their biological classes, and turtle PrP was found to have the most distinct amino acid pattern among the PrPs analyzed. This result was also confirmed in the pattern of potential energy increment with showing the most distinct potential energy state of turtle PrP than any other sequences (Figure 3 ). In the analysis of the multiple sequence alignmennt, however, turtle PrPs showed five conserved secondary structural elements that are commonly found in other PrPs, suggesting that these regions are functionally important in vivo (Figure 2A ). PrP C is usually expressed throughout the brain, particularly in neurons (Moser et al., 1995) , and, to a lesser extent, in extraneural tissues (Ford et al., 2002) . As for the amino acid properties, turtle PrP showed most distinct characteristics in the polar amino acid groups, especially in threonine (T), tyrosine (Y), asparagine (N) and glutamine (Q), and those differences might play an important role in secondary structure formation.
A comparison of the RMS deviation between the MD structures of normal and E200K human PrP with that between the structures of normal human and bovine PrPs yields an interesting result ( Figure  4) . Although the primary sequences of human and E200K PrP differ only in the E → K substitution at position 200 (Figure 2 ), our MD simulations yielded an RMS deviation for these two human PrPs that was slightly larger than that between normal human and bovine PrP. According to Zhang et al. (2000) , the E → K substitution redistributes surface charges, resulting in a dramatically altered electrostatic potential in the mutant protein; this electrostatic change may have affected the PrP molecule during the energy-minimization process. In the MD simulations, the turtle PrP exhibited a distinct pattern of structural deterioration, as compared to the mammalian PrPs, with large structural changes in the α 1-helix. Both β-strand structures were more stable than α -helices 2 and 3 and exhibited little deterioration during the MD process. The pathogenic PrP Sc , which is comparatively rich in β-sheet structure, is much more stable than PrP C , exhibiting far less deterioration in the presence of UV rays, ionizing radiation, or high temperature.
In this study, we analyzed the primary and tertiary structural characteristics of various PrPs using bioinformatics techniques, including phylogenetic analysis and MD simulations. Phylogenetic analysis alone cannot always predict structural or functional differences between proteins correctly, as shown in the comparison between E200K human and bovine PrPs. The careful use of two or more bioinformatics tools in combination can produce better results than use of a single method alone; this combinatorial approach might be very helpful for thorough analysis of complex pathogens like PrP.
